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We have measured the absolute Raman gain spectrum in short fluoride soft glass fibers with a pumpwavelength of
1650nm. We found a peak gain of gR ¼ 4:0 2 × 10−14 mW−1. © 2011 Optical Society of America
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1. INTRODUCTION
Stimulated Raman scattering (SRS) is among the most impor-
tant of the nonlinear phenomena in optical fibers. The Raman
scattering process is, for instance, used for amplification in
telecommunication lines and also studied due to its contribu-
tion to cross talk between channels [1,2].
Our interest in Raman scattering concerns its involvement
in supercontinuum generation in optical fibers [3]. The super-
continuum generation process has been an intense research
field over the past few years because of its applicability to
octave spanning sources in optical clocks, short pulse genera-
tion, and illumination spectroscopy [4–6]. These studies have
mainly been performed in silica based fibers, which limits the
spectral range to 0:4–2:5 μm. The limited spectral range of si-
lica fibers has led to a growing interest in soft-glass fibers with
the aim of generating a mid-infrared supercontinuum [7–9].
The infrared continua being generated by such source are
potentially applicable in IR microscopy, free range spectro-
scopy, and lidars, to mention but a few [10,11]. As simulations
are increasingly used to predict the output spectrum of the
fiber and to guide the design of new systems, it is paramount
that the absolute Raman gain spectrum and its frequency de-
pendence are accurately known. This calls for a precise mea-
surement of the Raman gain spectra of many new materials.
A variety of techniques has been used to study the Raman
gain. This includes pump–probe techniques [12–15], studying
the buildup of the Stokes beam for varying pump pulse length
[16], and utilizing the amplification of sidebands through
cross-phase modulation (XPM) [17]. Most of these techniques
have been used to study either the gain in long fibers or in soft
glass fibers with a high value of the Raman gain. Here we
present an investigation using pump–broadband probe tech-
niques of the Raman gain spectrum in a step-index fluoride
(ZBLAN) fiber.
Mizunami and co-workers previously reported a Raman
gain of gR ¼ 2:0 0:5 × 10−13 mW−1 in a ZBLAN fiber. This
value was obtained using a nanosecond pump at 580 nm
[13]. The shape of the gain spectrum was not shown in that
work, but spontaneous scattering spectra have been reported
revealing a sharp peak around 600 cm−1 with a plateau extend-
ing toward lower values of the Stokes shift [18]. In the present
experiment, we use a high-power, ultrashort pump–probe,
which makes it possible to determine the Raman gain with
short pieces of fiber.
2. EXPERIMENTAL
We determine the Raman gain of ZBLAN by measuring the am-
plification of a broadband probe in a fiber pumped by a pico-
second pulse. The gain is found by recording the probe pulse
spectrum after propagation of the fiber with and without the
presence of the pump. The on–off probe gain, gA, is given as
gAðωÞ ¼ ln

PprðωÞ
P0prðωÞ

; ð1Þ
where Ppr and P0pr represent the probe power with and with-
out the pump, respectively. The experimental setup is de-
picted in Fig. 1. The laser system has a central wavelength
of 800nm, a pulse repetition rate of 1kHz, and 100 fs pulse
duration. The 1mJ output from the amplifier is divided in two
equally powerful beams. Each beam pumps an optical para-
metric amplifier (TOPAS). One of the optical parametric am-
plifiers (OPAs) generates the pump beam at 1650nm while the
probe is generated in the second OPA. The center wavelength
of the probe is 1800 nm. The pump and probe wavelength can
be tuned independently. This makes it possible to study the
pump wavelength dependence of the Raman gain. The probe
has a spectral width of roughly 200 cm−1, and it has a duration
of 150 fs. The energy of the probe pulse is negligible compared
to the pump. The energy of the pump pulse ranges roughly
between 0.5 and 50nJ, corresponding to peak powers on the
order of kilowatts. The pump power can be adjusted using fil-
ters and a half-wave plate combined with a broadband polar-
izer. In order to ensure that the pump and the probe pulses
remain temporarily overlapped, the 150 fs pump pulse is
stretched by a grating stretcher to τp ¼ 8 ps. We will discuss
the influence of chirp on the results in Subsection 3.B.
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The pump passes through a chopper before being coupled
into the fiber. The chopper frequency is synchronized to the
laser system and blocks every second pump pulse. Conse-
quently, the spectrum of the probe with and without the pump
is recorded for consecutive laser pulses.
The pump and probe are overlapped on a glass wedge and
copropagate toward the fiber. The pulses are coupled into the
fiber using a ×10 microscope objective. After having propa-
gated the length of the fiber, the output is collimated using
a gold off-axis parabolic mirror. The off-axis mirror collects
both the pump and the probe, and the collimated output is
subsequently focused on the entrance slit of a monochroma-
tor by a ZnSe lens. The monochromator is equipped with a
32-channel MCT detector.
The soft glass step-index ZBLAN fiber from FiberLabs
has a 10:7 μm core with a numerical aperture of 0.2. The zero-
dispersion wavelength of the fiber is 1580 nm, and the loss is
reported by the manufacturer to be smaller than 60dB=km for
the wavelength range relevant to the present study. The length
of the fiber is 35 cm.
The large error in the absolute Raman gain reflects the de-
pendence of the Raman gain on a number of parameters and
the difficulty of accurately ascertaining these parameters. For
example, in order to know the peak power of the pump inside
the fiber, the pulse length, power, effective area, and coupling
efficiency have to be established.
3. RESULTS
A. Measured Gain
We have measured the Raman gain in a short piece of ZBLAN
fiber using the pump–probe approach described in the pre-
vious section. The resulting gain spectrum is shown in Fig. 2
with the gain coefficient on an absolute scale. We find a peak
value of gR ¼ 4:0 2 × 10−14 mW−1 at the 1650 nm pump
wavelength. The shape of the spectrum is dominated by a nar-
row peak centered at a Stokes shift of 580 cm−1. A smaller and
broader feature extends from the peak toward lower Stokes
shifts. The shape closely resembles the shape of the sponta-
neous scattering spectrum measured by Saïssy et al. [18]. The
similar shape of the small signal gain spectrum and the spon-
taneous spectrum is expected from theory [19]. The spectrum
can be described as the sum of two Gaussian functions with
amplitudes of 0.0352 and 0:0164 nm=kW , center shifts of 580.8
and 414:8 cm−1, and widths of 22.7 and 115:4 cm−1,
respectively. This fit is shown with the full line in Fig. 2.
The material gain, gR, is calculated from the experimentally
measured gain, gA, of the probe. In the continuous wave re-
gime, the material gain relates to the measured amplification
of the probe through the following relation:
gR ¼
gA
IpuLeff
; ð2Þ
where Ipu is the peak intensity of the pump and Leff is the
effective length of the fiber. To calculate Ipu from the peak
pump power, we use an effective area, Aeff , of 70 μm2 calcu-
lated from the core diameter and the dispersion profile. The
loss over the length of fiber is less than 1%, and the effective
length is thus set equal to the length of the fiber, thereby dis-
regarding loss. Implicit to the use of Eq. (2) is that dispersion
and pump depletion are regarded as negligible. To achieve an
accurate determination of the gain, we have measured the
gain for varying pump power. The gain at the peak Stokes
shift as a function of the pump peak power is shown in Fig. 3.
The gain shows a clear linear dependence for the recorded
peak powers, lending credibility to the assumption of opera-
tion in the nondepleted regime of amplification. The shape of
the gain spectrum results from linear regression of the power
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Fig. 1. Schematic drawing of the experimental setup for measuring the gain of the ZBLAN fiber.
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Fig. 2. Raman gain spectrum of the ZBLAN fiber. The points repre-
sent the experimental points. The black (lower) curve is a fitted curve
consisting of two Gaussian functions (see text for details). The red
(middle) curve shows the scaled spontaneous scattering spectrum
from the work of Saïssy et al. [18]. The blue (upper) curve shows
the gain spectrum of silica for comparison [12].
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dependence for each separate wavelength with the resulting
spectrum shown in Fig. 2.
B. Applicability of the Method
There are several advantages of using pulsed lasers to study
the Raman gain in optical fibers. The high powers available in
pulsed lasers make it possible to study fiber lengths on the
centimeter scale and in fibers with a low Raman gain coeffi-
cient. Furthermore, the use of OPAs for pump and probe gen-
eration makes the pump wavelength easily tunable. However,
using ultrashort pulses in a dispersive fiber has the drawback
that the overlap of the pump and probe can vary along the
fiber due to walk-off. The walk-off determines the effective
interaction length between the pump and probe. The walk-
off length can be calculated from the dispersion profile of
the fiber as LW ¼ Tpu=jv−1pu − v−1pr j, where vpu and vpr are the
group velocities of the pump and probe, respectively. For
the fiber under consideration here, Lw is found to be roughly
20m, which is more than 1 order of magnitude longer than the
physical length. Consequently, we take the effective length to
be equal to the actual length of the fiber. Furthermore, the
dispersion length is 4 orders of magnitude longer than the
length of the fiber for the pump. For the probe, the dispersion
length is calculated to be 75 cm. Thus, the probe will suffer
little broadening in the course of the fiber and the pump will
be unaffected by dispersion. The respective dispersion lengths
have been calculated from the pulse width and the value of β2
at the central wavelength according to LD ¼ T2=jβ2j, where T
is the pulse width. Another concern using ultrashort pulses to
quantitatively determine the gain is that the intensity of the
pump and probe are so high that nonlinear effects might dis-
tort the pulses. To test that this will not cause a flawed result,
we have performed simulations under the experimental con-
ditions that confirm that the pump and probe are not signifi-
cantly distorted along the fiber. The simulations are discussed
more in Subsection 3.C. Because of the chirp of the pump, the
probe will only overlap with a subset of the frequencies con-
tained in the pump. Changing the delay between pump and
probe will therefore move the probe within the pump envel-
ope and effectively change the pump frequency. The mea-
sured gain is shown in Fig. 4 as a function of the Stokes
shift and as a function of the pump–probe delay on a contour
plot. The top part of the figure shows a horizontal slice of the
plot corresponding to the delay dependence of the Raman
gain for a selected Stokes shift. The stimulated Raman gain
is present as a diagonal peak in the contour plot. The diagonal
profile is caused by the chirp of the pump pulse. The figure
shows that the peak of the spectrum moves from smaller
to larger Stokes shifts for increasing delays. The negative
chirp of the pump means that the frequency decreases from
the leading edge to the trailing edge of the pump. For longer
delays, the probe is moved toward the leading edge of the
pump, meaning that it will interact with a larger effective
pump frequency. In the contour plot, an additional signal
can be identified at the edge of the gain spectrum. Evidently,
this additional signal depends on the overlap between the
pump and probe. It is furthermore observed to depend on
the intensity of the pump. We interpret this signal as being the
realization of XPM between the pump and the probe. The XPM
will shift the frequency of the probe. This will give rise to a
signal in the pump–probe configuration that is proportional
to the derivative of the probe pulse shape and having opposite
signs for positive and negative delays, respectively. This fea-
ture is also seen to not show signs of the frequency chirp of
the pump in correspondence with the fact that XPM is influ-
enced only by the total intensity of the pump modulating the
refractive index.
C. Simulations of the Experiment
Because the experimental approach is based on a number of
assumptions, we have additionally performed numerical simu-
lations of the pump–probe experiment in order to uncover
possible pitfalls in the analysis. In these simulations, pump
and probe fields are propagated along the fiber using the gen-
eralized nonlinear Schrödinger equation in the interaction pic-
ture based on a formalism described in [20]. The Raman
response function of the fiber is calculated from the Gaussian
fit to the measured gain spectrum, thereby including the full
temporal response of the Raman interaction in the simulation.
The fraction, f R, of the nonlinearity related to molecular
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Fig. 3. Stimulated Raman gain as a function of the peak pump power.
The points represent the experimentally measured values for a Stokes
shift of 580 cm−1. The full line is a linear fit. The slope of the curve
corresponds to a material gain of gR ¼ 4:0 × 10−14 mW−1.
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Fig. 4. Raman gain shown as function of the delay between the pump
and the probe. The top part of the figure shows the delay dependence
at the peak Stokes shift corresponding to a horizontal slice indicated
by the dotted line through the contour plot.
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motion is calculated to be 0.06 based on the Gaussian fit to the
spectrum. The parameters of the input fields match the param-
eters of the optical pulses in the experiment in terms of pulse
length and power. The simulations are performed for a pump–
probe field and for the probe alone following the procedure of
the experiment. The delay between the pump and probe can
similarly also be varied in the simulations. From the simula-
tion results, we calculate the spectral density of the output
fields similar to what is measured in the experiment. From
the spectral density, we then use Eq. (1) to calculate the gain
of the probe at the fiber output. Subsequently, the material
gain is found using Eq. (2). The difference between this re-
trieved gain spectrum and the spectrum that initially enters
into the simulation is a measure of the validity of the assump-
tions in the experimental approach. The gain spectra found
from analyzing the results of the simulation are shown in Fig. 5
for −1, 0, and 1 ps pump–probe delays. The pump power is
500W, and the probe peak power 100W. For all three delays,
the calculation of the Stokes shift is based on the central pump
wavelength of 1650nm, thus causing the retrieved spectra for
−1ps and 1 ps delay to be shifted due to the chirp of the pump
pulse in correspondence with the experimental observations
as shown in Fig. 4. The input gain spectrum based on the ex-
perimentally measured gain spectrum is also shown in the fig-
ure. The simulations show that for small pump–probe delays,
the retrieved spectrum reproduces the input spectrum within
the experimental uncertainty, thus supporting the applicabil-
ity of the continuous wave approach. The deviations from the
input spectrum are primarily caused by XPM. As this contri-
bution from XPM depends on the delay between the pump and
probe, the retrieved spectrum will also have a time depen-
dence. The best correspondence is found for a small negative
delay where the probe is placed slightly before the peak of the
pump at the fiber input.
4. CONCLUSION
We have measured the absolute Raman gain of a 35 cm soft
glass fluoride fiber using a picosecond pump and determined
the shape of the gain spectrum using a broadband probe. The
results show a peak gain value of gR ¼ 4:0 2 × 10−14 mW−1
at 580 cm−1 for a pump wavelength of 1650 nm. Finally, the
assumption of treating the experiment as a continuous wave
experiment thereby neglecting dispersion and nonlinear
effects has been investigated and verified with numerical
simulations.
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